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a  b  s  t  r  a  c  t
We  characterize  geomechanical  constitutive  behavior  of reservoir  sandstones  at  conditions  simulating
the  “Cranﬁeld”  Southeast  Regional  Carbon  Sequestration  Partnership  injection  program.  From  two  cores
of Lower  Tuscaloosa  Formation,  three  sandstone  lithofacies  were  identiﬁed  for mechanical  testing  based
on permeability  and  lithology.  These  include:  chlorite-cemented  conglomeratic  sandstone  (Facies  A);
quartz-cemented  ﬁne  sandstone  (Facies  B);  and  quartz-  and  calcite-cemented  very  ﬁne  sandstone  (Facies
C). We  performed  a suite  of  compression  tests  for  each  lithofacies  at 100 ◦C and  pore  pressure  of  30  MPa,
including  hydrostatic  compression  and  triaxial  tests  at several  conﬁning  pressures.  Plugs  were  saturated
with  supercritical  CO2-saturated  brine.
Chemical environment  affected  the  mechanical  response  of  all three  lithofacies,  which  experience  ini-
tial plastic  yielding  at stresses  far below  estimated  in  situ  stress.  Measured  elastic  moduli  degradationlastic moduli degradation
hlorite cement
deﬁnes  a secondary  yield  surface  coinciding  with  in  situ  stress  for Facies  B  and  C. Facies  A  shows  mea-
surable  volumetric  creep  strain  and  a failure  envelope  below  estimates  of in situ stress,  linked  to damage
of chlorite  cements  by  acidic  pore  solutions.  The  substantial  weakening  of  a particular  lithofacies  by  CO2
demonstrates  a possible  chemical-mechanical  coupling  during  injection  at Cranﬁeld  with  implications
for  CO2 injection,  reservoir  permeability  stimulation,  and  enhanced  oil recovery.
©  2016  The  Author(s).  Published  by  Elsevier  Ltd.  This  is  an open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
Injection of large volumes of CO2 for enhanced oil recovery
EOR) and for proposed geologic carbon storage (GCS) pose the
uestion as to whether supercritical CO2 (scCO2) can inﬂuence
echanical integrity of reservoir and caprock lithofacies (e.g., Le
uen et al., 2007; Korsnes et al., 2008; Hangx et al., 2010). In this
tudy we show how perturbations of pore ﬂuid chemistry induced
y CO2 injection can substantially inﬂuence constitutive behavior
f three sandstone lithofacies of the Lower Tuscaloosa Formation
rom the Cranﬁeld injection site, SW Mississippi, USA.
One of the considerations from the beginning of GCS stud-
es is that CO2 is chemically active and will acidify the reservoir,
ossibly leading to mechanical consequences. In response to this
oncern, a number of laboratory studies linking chemical changes
o mechanical changes have been undertaken, with a range of tem-
∗ Corresponding author.
E-mail address: arinehart@nmbg.nmt.edu (A.J. Rinehart).
ttp://dx.doi.org/10.1016/j.ijggc.2016.08.013
750-5836/© 2016 The Author(s). Published by Elsevier Ltd. This is an open access articl
.0/).peratures, pressures, and pore ﬂuid chemistries. However, most
of these studies have focused on carbonate rocks, or carbonate-
cemented sandstones (Hangx et al., 2010; Hangx et al., 2013; Shukla
et al., 2013; Tutolo et al., 2014; al-Hosni et al., 2015; al-Ameri
et al., 2016). While these are common reservoir rocks and carbon-
ate dissolution has been shown to dissolve, thereby changing the
hydromechanical properties of the rock, carbonates and carbonate-
cemented sandstones are not the only proposed reservoirs. Clay
cemented sandstone – which is common in a sandstone reservoirs
around the world (e.g., Wilson and Pittman, 1977; Boles and Franks,
1979; Jeans, 1994; Bjorlykke 1998; Hassouta et al., 1999; Rossi et al.,
2002; Guojun et al., 2011) – has been understudied in the context of
CO2 sequestration. However, clay minerals can be especially reac-
tive, because of their crystal structure, their high surface area, and
their charged surfaces.
The current study is focused on understanding how chemical
perturbations introduced by CO2-injection inﬂuence the mechan-
ical behavior of a suite of reservoir sandstones. The Denbury
Cranﬁeld ﬁeld is a historical oil ﬁeld that has experienced both
EOR and CO2 storage operations (Hovorka et al., 2013) with the
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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rimary hydrocarbon and CO2 storage reservoir being the trans-
ressive, ﬂuvial to marginal marine D-E member (also Massive
and) sandstones within the Cretaceous Lower Tuscaloosa For-
ation. In an overall ﬁning-upward sequence over 24 m,  these
uvial sandstones range from conglomeratic coarse-grained cross-
edded chlorite-cemented, to ﬁne-to-medium-grained chlorite
nd quartz-cemented cross-laminated, to very ﬁne-grained tabular
o homogenous calcite- and quartz-cemented lithofacies (Lu et al.,
013). The conglomeratic sandstone has the highest porosity and
ermeability, and is commonly the thickest unit of the D-E mem-
er. Lu et al. (2013) and Kim and Hosseini (2014) detail observed
hanges in permeability at the Cranﬁeld site around a CO2 injec-
ion well that they link to a geomechanical event occurring just
fter initial injection.
Our primary questions for GCS reservoirs are: (1) will injection
referentially weaken certain reservoir sandstone lithofacies soon
fter injection with potential implications for permeability, injec-
ivity, and reservoir sweep efﬁciency; (2) will storage induce any
ong term geomechanical changes not solely related to pore pres-
ure; and (3) if CO2 interacts with the solid medium, what are the
echanisms of damage leading to weakening? To reasonably cap-
ure geomechanical response at a range of stress states at realistic
hemical conditions, both of which may  evolve through time, our
est series need to account for pore pressure, reservoir temperature,
n situ brine chemistry, and CO2 saturation, while running compres-
ion tests at enough different stress paths to deﬁne constitutive
ehavior. Because we are using reservoir rock from core, our study
s necessarily limited by both the quantity of samples available,
nd the heterogeneity within each unit. Fluvial sandstones, such
s the ones in the D-E member, are notoriously heterogeneous.
ith respect to the Cranﬁeld injection project, our results are
onsistent with the hypothesis that CO2-related chemical effects
n mechanical behavior of the conglomerate lithofacies, and not
ore pressure increases, are responsible for observed reservoir per-
eability changes. These changes could result in improvements
njectivity and CO2 sweep efﬁciency (i.e. stimulation) localized
ithin the conglomerate lithofacies and so represent an adaptive
ontrol of fracture permeability in the subsurface associated with
CS activity.
. Geologic background and conditions
The Late Cretaceous Lower Tuscaloosa Formation is a trans-
ressive continental to marginal-marine package of ﬂuvial-deltaic
andstones deposited in the ancestral Gulf of Mexico (Woolf, 2012)
nd capped by marine shales of the Middle Tuscaloosa Formation.
he Lower Tuscaloosa Formation is derived from braided to slightly
eandering rivers in incised valleys gradually buried by marine
andstone during the regression (Woolf, 2012), which has resulted
n a heterogeneous sediment package with large range in reservoir
uality. Sourced from the volcanic-rich Ouchita Mountains, the D-E
andstone members contain lithic clasts, dissolved casts of lithics,
nd signiﬁcant chlorite cementation.
We tested core plug samples from the Well 31F-3 core in the
-E sand member of the Lower Tuscaloosa Formation at the Cran-
eld Detailed Area of Study (DAS) injection site (Lu et al., 2013)
t ∼3000 m depth. As described by Lu et al. (2013), the base of
he section begins with conglomerate beds and coarse conglomer-
tic cross bedded sandstones, and then passes up through several
ning-upwards sequences with ﬁne- to very ﬁne-grained tabular
nd cross bedded sandstones with some mud-drape laminations
nd rare dark shale beds. At the top of the core, there is an erosional
ontact between a very ﬁne sandstone and a highly bioturbated
layey terrestrial siltstone.enhouse Gas Control 53 (2016) 305–318
The porosity of the different facies in the D-E member is con-
trolled by the degree of chlorite vs. quartz and calcite cementation
(Lu et al., 2013; Woolf, 2012). Petrographic examination by Lu
et al. (2013) show chlorite cements forming grain-lining rims. The
chlorite rims were presumably sourced from the dissolution of
lithic grains, and are believed to have limited nucleation sites for
later-formed quartz overgrowths (Woolf, 2012). As the amount of
chlorite cement decreases from bottom to top of the section (Lu
et al., 2013), quartz overgrowths become more frequent (Lu et al.,
2013).
The pre-injection brine chemistry at the DAS in the Lower
Tuscaloosa has a salinity of ∼150,000 mg/L TDS with a primarily Na-
Ca-Cl-type chemistry with relatively high concentrations of Mg  and
Sr (Lu et al., 2012a). Pre-injection temperatures are about 125 ◦C.
The total vertical stress was  ∼83 MPa  based on neutron density
logs (Kim and Hosseini, pers. comm.) and the reservoir minimum
total horizontal stress was found to be roughly 51 MPa  (Kim and
Hosseini, pers. comm., 2014) based on leak-off test data assuming
0 MPa  tensile strength and accounting for the temperature effects
documented in Kim and Hosseini (2014). Pre-injection bottom hole
pore pressures were 32 MPa  (Lu et al., 2012a). During injection, the
nominal pressure of scCO2 was 34 MPa  (Lu et al., 2013). The injec-
tion of colder CO2 led to a measured ∼44 ◦C decrease in bottom-hole
temperature. Modeling by Kim and Hosseini (2014) suggests this
created a 10 ◦C to 20 ◦C decrease in temperature and a ∼4 MPa
decrease in mean stress near the bore hole.
3. Methods
3.1. Core properties and sample selection
To develop a basis for sample selection and mechanical testing,
we examined the heterogeneity of the Well 31F-3 core using rel-
ative hardness and permeability measurements taken directly on
the core using a rebound hammer (i.e. Zahm and Enderlin, 2010)
and portable air permeameter (i.e. Lommatzsch et al., 2015). Fig. 1
shows a summary of these measurements alongside porosity, per-
meability, and mineralogical data on core from 3080 m to 3108 m
of burial reported by Lu et al. (2013). The hardness index (HI)
measured from the rebound hammer is converted to unconﬁned
compressive strength (UCS; MPa) using the empirical relationship
UCS = 6.83 × 10−7(HI)2.9 (Xiofeng Chen, personal communication,
2015). This derived UCS value compares favorably to values deter-
mined from our testing (Fig. 1) which are described later in this
paper. The air permeability measurements performed on the core
also compare well to values determined on core plugs reported by
Lu et al. (2013). Based on the ranges of these measurements, our
own  core descriptions, and those by Lu et al. (2013), we  divided
the section into three main lithofacies which we term Facies A, B,
and C from bottom to top (Fig. 1). These correspond to lithofacies
described by Lu et al. (2013): a chlorite-cemented conglomeratic
sandstone (A, highest porosity and permeability, and lowest UCS);
a muddy cross-bedded ﬁne-grained sandstone (B, intermediate
porosity and permeability, and intermediate UCS); and a very-ﬁne-
grained tabular sandstone (C, lowest porosity and permeability, and
highest UCS). The bottom contact of the Middle Tuscaloosa For-
mation is formed by the top of Facies C. The white zone in Fig. 1
between packages of Facies A is a ﬁne red mudstone and very
ﬁne laminar and cross-bedded sandstone. The bottom of the lower
Facies A is the bottom of the core.3.2. Experimental methods
We  performed a series of axisymmetric compression experi-
ments on samples of Facies A-C of the Lower Tuscaloosa Formation
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Fig. 1. Summary of data from core 31F-3, with Facies A (red), Facies B (green) and Facies C (blue) highlighted. (a) Hardness index from Piccolo testing, (b) Picollo-estimated
(gray),  measured wet  and chemically active unconﬁned compressive strengths measured near reservoir in situ temperature (black circle), and measured dry unconﬁned
compressive strengths (hollow diamond). (c) Air permeability measured by a handheld permeameter (black) and from Lu et al. (2013. Porosity (d) and XRD mineralogy (e)
from  Lu et al. (2013).
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gig. 2. Summary of testing system. The compression testing system (left), and brine-
re  outlined. Heated tubing for the pore pressure system is shown as solid grey lin
he  unheated conﬁning pressure tubing is a solid black line.
andstones while maintaining temperature (100 ◦C), pore pressure
∼30 MPa), and pore ﬂuid composition close to the in situ condi-
ions at Cranﬁeld. Fig. 2 shows a schematic of the compression test
ystem, the brine-equilibration system, and heated components.
etails on sample preparation and test procedures are given in
inehart (2015) and Dewers et al. (2014).
Sample plugs were nominally 2.5 cm in diameter and at least
.0 cm in length following ASTM D7012-13 (2013) procedures. All
amples from Facies B and C and the sample for the hydrostatic
ompression test in Facies A were perpendicular to bedding. Other
ample plugs from Facies A were cored parallel to bedding, due to
imited availability of intact core and occurrence of large pebbles
hich precluded drilling of plugs. In Facies A, some samples had
ebbles plucked from their circumference during drilling. These
oles were ﬁlled with Ultracal 30 plaster to maintain cylindrical
eometry for jacketing. Sample dimensions, weight, and P- anduilibration and pore pressure control system (right) are shown. Heated components
heated components have no outline and unheated pore pressure tubing is dotted.
S-wave velocities were measured parallel and perpendicular to the
axis of each sample (Table 1). These are reference values to aid in
later analysis, and to provide a preliminary sense of the strength
and stiffness of the different facies. The velocities were taken along
the axis of the sample, and twice radially along the sample at 90◦
from each other. Hastelloy frits were then placed at each end and
2.54 cm diameter end pieces were attached. Brass mounting points
were afﬁxed to samples for placement of linear variable differential
transducers (LVDT), lateral displacement measurements, and two
acoustic emission (AE) transducers. Samples with ﬁxturing were
jacketed with three coats of ultraviolet light-cured polyurethane
which allowed an effective seal between pore pressure and con-
ﬁning pressure. After jacketing, the sample was initially saturated
with (non-CO2) brine at room temperature under vacuum until the
sample weight stabilized or two weeks had passed.
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Table 1
Velocities, porosities, densities and depths of tested samples.
Facies Test Depth Density Porosity Axial Velocity 0◦ Lateral Velocity 90◦ Lateral Velocity
P  S P S P S
m  g/cc – m/s  m/s  m/s  m/s  m/s  m/s
A UCS 3092.54 – – – – – – – –
HYDRO 3094.01 1.97 0.256 2134 1388 2073 1420 1943 1394
70  MPa  3092.42 1.86 0.299 1983 1505 1866 1273 2143 1368
B  UCS 3089.19 2.17 0.180 2754 2015 3284 2195 3384 2239
50  Mpa 3088.95 2.19 0.172 2711 2007 3275 2137 3275 2146
70  Mpa 3089.07 2.17 0.183 2824 1957 3268 2039 3323 1969
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pC  UCS 3082.88 2.42 0.086 
50  Mpa 3083.16 2.34 0.116 
70  MPa  3083.25 2.33 0.119 
We  simulated in situ pore solution chemistry by using brine
aturated or nearly so with respect to scCO2 with similar cation
hemistry to the in situ reservoir pore ﬂuid. To minimize corro-
ion of pressure ﬁttings at temperature, we substituted NO3− for
l− in the solution. Major cation concentrations reported at Cran-
eld (Lu et al., 2012a), were 0.39 M Ca2+, 0.057 M Mg2+, 2.1 M Na+
nd 3.0 M Cl− (other anions were 3 orders of magnitude less in con-
entration) and we mimicked these values using a solution of 0.4 M
a(NO3)·2.4H2O, 2.1 M NaNO3, and 0.06 M MgCO3 prepared with 18
 RO deionized water. This solution was equilibrated with scCO2
t 75 ◦C at 17 MPa  before injection into the sample. The lower-than-
n situ temperature kept the pore solution slightly undersaturated
t 100 ◦C with respect to scCO2 to prevent possible phase sepa-
ation within the pore pressure lines and sample pores, thereby
aintaining single phase ﬂow.
The brine-scCO2 equilibration system consisted of an upstream
eledyne Isco 100D hastelloy syringe pump (also used to inject the
rine-CO2 solution into the sample), a pressure vessel, a high pres-
ure recirculation pump, a cylinder of ultra-high purity CO2, and
ubing to connect the system (Fig. 1, right). Liquid CO2 (l) was  recir-
ulated from the top to the bottom of the vessel, bubbling CO2(l)
hrough the brine. Then, the equilibration system was  heated to
5 ◦C at constant volume; thermal expansion raised the pressure
f the vessel to approximately 17 MPa. CO2 is supercritical at this
ressure and temperature. The scCO2 was recirculated through the
rine during heating for at least1 h after vessel pressures stabi-
ized and prior to injecting the CO2-brine solution into the sample.
HREEQc version 3.06 (Parkhurst and Appelo, 2013) calculations
ssuming saturation with respect to scCO2 show that the brine-CO2
olution under these conditions should have a pH of ∼4.
Each compression test was conducted in the following stages:
1) initial pressurization and small differential axial loading of sam-
le; (2) ﬂow through of brine-CO2 solution for at least 2 pore
olumes; (3) heating of compression testing system; (4) bring-
ng pore pressure to 30 MPa  and conﬁning pressure to 32–35 MPa;
nd (5) compression testing of sample. Between tests, all ﬁttings
nd tubing exposed to the brine-CO2 solution were cleaned with
sopropanyl and 18 M RO water, and air-dried. This sequence
nsured that the sample and its jacket remain intact through
reparation and testing, and that the sample could be safely and
onsistently loaded under CO2-saturated conditions.
Three distinct stress paths were used for testing each lithofa-
ies (listed in Table 1): a hydrostatic path (HYDRO, near-zero axial
tress); one unconﬁned compression path (UCS, done with conﬁn-
ng pressure, Pc, held just above pore pressure to prevent jacket
eaks), and one to two triaxial loading paths (consisting of an initial
ydrostatic loading to desired Pc of 50 or 70 MPa  followed by axial
oading at constant Pc). Preliminary estimates of lithostatic stress
rom overburden loading yielded stresses near 70 MPa. To simulate
eservoir conditions, we used 70 MPa  conﬁning pressure based on
reliminary estimates of lithostatic stresses based on the amount2621 2091 3571 2461 3425 2459
3020 2341 3526 2275 3444 2475
2998 2366 3660 2317 3471 2317
of overburden. Triaxial tests at conﬁning pressures 50 MPa  were
halfway between the effective UCS test conﬁning pressure (32 MPa)
and the preliminary estimate of lithostatic stress (70 MPa).
Tests were performed under drained conditions as deforma-
tion rates were slow enough to ensure constant pore pressure.
Samples were loaded hydrostatically at 0.05–0.10 MPa/s, with
loading paused before and after each unloading-reloading loop
to ensure pore pressure equilibration. Samples were loaded at
5 × 10−5 cm/cm axially, also with a pause before and after every
unloading-reloading loop. Details on pressure control, acoustic
emissions measurement, and measurement of stresses and axial
and lateral stresses and strains during the testing are found in
Rinehart (2015). During periods of constant stress of the tests (equi-
libration, pressure intensiﬁer restroke, and pause periods), internal
displacements were monitored for time-dependent creep deforma-
tion. Pre-failure unload-reload cycles were performed to monitor
changes in elastic moduli following methods discussed by Dewers
et al. (2014). These results are summarized in Fig. 3.
In addition to the high temperature tests, we also conducted
air-dry drained unconﬁned compressive strength tests at ambient
temperatures for Facies B and C (Fig. 1, open diamonds). Poor plug
preservation and availability, unfortunately, prevented additional
tests of Facies A. The air-dry unconﬁned strengths of Facies B and
C were greater than those tested both wet  and at temperature.
In subsequent analyses and ﬁgures, stresses and strains are cal-
culated from the measured forces, displacements, and pressures.
Strains are reported as true strains equal to ln(L/L0) where L is cur-
rent length and Lo is initial length (Malvern, 1969). For quasi-static
data, zero strain is from the beginning of compression. Peak and
yield stresses are reported in terms of the ﬁrst (I1) and second (J21/2)
stress tensor invariants assuming compressive stresses and strains
are positive. For our experimental conﬁguration, these are simply
deﬁned as (Dewers et al., 2014)
I1 = 3 = SA + 2SL − 3P (1A)
(J2)
1/2 = (SA − SL)/
√
3 (1B)
where  is the effective mean stress, SA is the total axial stress, SL
is the total lateral stress (i.e., the conﬁning pressure), and P is the
pore pressure. The Mises shear stress is equivalent to (J2)1/2, and is
used in ﬁgures below.
Similarly volume () and shear strains () are deﬁned as
ε = εA + 2εL (2A)
 = 2 (εA − εL)/
√
3. (2B)
3.3. Workﬂow to Partition Total Strain into Viscous, Plastic, and
Elastic PartsTo determine the inﬂuence of CO2 on sandstone constitu-
tive mechanical behavior, we need to divide or partition total
strain into portions associated with different deformation mech-
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dig. 3. Measured stress–strain data for UCS (red), 50 MPa  triaxial (blue), 70 MPa  tr
tress  (MPa) vs. axial and lateral strain (−), and (left column) mean effective stress (
nisms (Dewers et al., 2014). This includes elastic and inelastic
ortions. The inelastic portion can be further partitioned into a
ate-dependent (creep or viscous) and rate-independent (plastic)
eformation. We  assumed that elastic, plastic and viscous strains
re additive:
t
ij = εeij + ε
p
ij
+ εvsij (3)
o that if elastic (e) and creep strains (vs)  are known, plastic strain
p) can be found from total strains (t) using Eq. (3). Our method
or determining creep strains, elastic strains (including that portion
ssociated with changes of elastic moduli with accumulating plastic
train) and plastic strains is detailed in the Appendix.To partition strain amongst the various components, we  ﬁrst
alculate the viscous strain for Facies A only; the other facies did
ot accumulate resolvable creep strains. We  then determine the
egraded elastic moduli as a function of total strain estimated from (green) and hydrostatic (black) compression tests with (right column) total axial
vs. volume strain (−) for (a and b) Facies A, (c and d) Facies B, and (e and f) Facies C.
unload loops as shown in Fig. 3. The degraded elastic moduli reﬂect
the decreasing stiffness of the sample while it is damaged. The
degraded elastic moduli are iteratively adjusted until a reasonable
onset of plastic strain is found. AE activity and the onset of convex
stress-strain paths are used to support the onset of plastic deforma-
tion and elastic moduli degradation functions in Eqs. (A-1) and (A-2)
in the Appendix. Using Eq. (3), the plastic strain pii is found. This
approach is detailed for each facies in the next section. Together
with yield and failure surfaces, this approach constitutes a com-
plete elasto-visco-plastic constitutive law for matrix deformation
at the Cranﬁeld site.4. Results
The stress-strain trajectories for all of the tests of the three litho-
facies are shown in Fig. 3, with the left-hand column showing the
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otal axial stress as a function of axial and lateral strain, and the
ight-hand column showing the mean effective stress as a function
f volume strain. Facies A (Fig. 3a,b), Facies B (Fig. 3c,d) and Facies
 (Fig. 3e,f) are plotted on different axes in order to see the details
f deformation.
.1. Deformation of individual facies
.1.1. Chlorite-cemented conglomeratic sandstone (Facies A)
Facies A is the weakest of the three facies and also has a sig-
iﬁcant amount of creep volume strain. Fig. 3 shows axial stress
s a function of axial and lateral strain (Fig. 3a) and the mean
ffective stress as a function of volume strain (Fig. 3b) during
he effective UCS (red), 70 MPa  axisymmetric triaxial (green), and
he hydrostatic crush (black) tests. The UCS test has a very early
ield and rounded peak with axial compression and lateral expan-
ion throughout the test (Fig. 3a, red curve). The volume strain is
ostly compressive (positive), with total volume dilatancy onset
t stresses very close to failure. The triaxial axisymmetric com-
ression experiment shows axial and lateral compression through
he hydrostatic compression leg, followed by lateral expansion
nd axial compression during axial compression (Fig. 3a, green).
owever, the volume strain remains compressive throughout the
est (Fig. 3b, green). Yield occurs during the hydrostatic portion
f the test (Fig. 3b, green). Yield is deﬁned as the stress-strain
ocus of the beginning of plastic strain accumulation, as deter-
ined from acoustic emissions and/or inﬂection of stress-strain
lots, and alternatively by the measured changes in elastic mod-
li with accumulating plastic strain. The hydrostatic compression
xperiment for Facies A has an early yield, followed by a concave-
p effective mean stress-volume strain trajectory until just before
he maximum effective mean stress (Fig. 3b).
Following the method outlined in the Appendix, strain parti-
ioning for the hydrostatic (Fig. 4a,b) test for Facies A show that,
fter creep volume strain has been subtracted from the total vol-
me strain, the majority of deformation (about 0.02 volume strain
nits) is explainable by the additional elastic strain associated with
oduli degradation (Fig. 4b, solid black line), followed by plastic
train (0.01 volume strain units; Fig. 4b, dashed black line). If the
lastic moduli had not degraded (Fig. 4b, solid grey), we would esti-
ate about 0.007 of elastic volume strain units, almost 3 times less
han the strain with degraded moduli.
The degradation of the bulk modulus with accumulating plastic
olume strain can be seen in the variation of the tangent bulk mod-
lus in Fig. 4c. The initial tangent bulk modulus begins at about
000 MPa  and increases along a constant trajectory with mean
ffective stress through the 4th, 5th and 6th unload-reload cycles.
etween the 6th and 7th unload-reload cycle at about 30 MPa
ean effective stress, the material experiences a secondary yield
herein the modulus begins to lessen due to accumulating plas-
ic volume strain. This continues through the 8th, 9th, and 10th
nload-reload cycle and then ceases upon ﬁnal unloading. The com-
arison between the calculated (solid line) and measured tangent
oduli (symbols) shown in Fig. 4c validate the assumptions used
n the model for moduli degradation given by Eq. (7a). A compari-
on between the modeled and measured K0 parameter is given in
ig. 4d. Variations in other Ki parameters were secondary to the
ffect of the ﬁrst order parameter K0 (Rinehart, 2015).
Shear strain in the triaxial experiment (Fig. 4f) attributed to
hear modulus degradation accounts for roughly a third of the total
hear strain. The degraded elastic shear strain (Fig. 4e) is closer to
 factor of 2 greater than plastic shear strain for the triaxial experi-
ent. The degraded elastic volume strain and plastic volume strain
re roughly comparable at failure (Fig. 4e).
To assess any degree of water-weakening (i.e. without CO2) on
acies A strength, we attempted to conduct a dry, drained and ambi-enhouse Gas Control 53 (2016) 305–318
ent temperature unconﬁned compressive strength test on Facies A.
However, sample preservation during subcoring was problematic
and we  were unable to achieve reliable results for this Facies.
For Facies A, thin sections were constructed using an untested
sample and from the three tested samples listed in Table 2. The
untested rock (Fig. 5a,d) shows Facies A to be quartz-dominated
with lithic opaque grains and some feldspar and microcrystalline
quartz grains. Feldspar and lithic grains have commonly been
replaced by kaolinite. The rock is cemented only with chlorite,
which displays a distinct crystal habit with cleavage perpendic-
ular to grain faces (Fig. 5d). Grains generally have point to medium
length grain contacts (Pettijohn et al., 1972). Grain size ranges from
0.1 mm to 0.5 mm.  Fig. 5b, c and e show textures resulting from the
hydrostatic and 70 MPa  triaxial tests. Chlorite cements show a loss
of initial crystal habit (Fig. 5e) throughout most of the rock in both
samples, as well as in the UCS sample (not shown). This loss of
crystal habit in the samples exposed to the acidic CO2-bearing pore
solution may similar to the observed loss of crystallinity of chlorite
cements after exposure to acidic solutions as described by Baker
et al., (1993).
Other post-test observations include a general (if qualitative)
loss of porosity (Fig. 5b,c) for both samples. The sample from the
hydrostatic test (Fig. 5b,e) interestingly does not show signiﬁcant
grain crushing. The sample from the 70 MPa  test, however, shows
common shattered grains. The intensity of shattering increases near
the induced fracture across the sample, but intra-granular frac-
turing remains common throughout the sample (Fig. 5c). Possible
reasons for this are discussed below.
4.1.2. Quartz-cemented cross-bedded muddy ﬁne sandstone
(Facies B)
Fig. 3c,d shows axial stress (MPa) against axial and lateral strain
(Fig. 3c), and mean effective stress (MPa) against volume strain
(Fig. 3d) for the UCS (red), the axisymmetric 50 MPa  triaxial com-
pression test (blue) and the axisymmetric 70 MPa  compression test
(green) for Facies B. From the total strains, all tests became dilatant
before failure, displaying decreasing volume strain (dilatancy) just
before failure with increasing conﬁning pressure. All three tests
show an early onset of plastic strain compared to the peak stress.
For Facies B, Fig. 6 shows the partitioning of volume (left) and
shear (right) strains from total strain (thick black) into plastic strain
(dashed) and elastic strain with degradation (thin black) for the
UCS (top row; Fig. 6a,b), the 50-MPa conﬁning pressure experiment
(middle row; Fig. 6c,d), and the 70 MPa  experiment (bottom row;
Fig. 6e,f), with non-degraded elastic strain also shown (thick gray).
The UCS test had noisy lateral LVDTs, leading to interpretable but
noisy data. In our test conﬁguration, sinusoidal noise was  generally
caused by a failing feedthrough or electrical connector in the ves-
sel. Plastic volume strain for both triaxial experiments shows the
“turn-around” from an early compactive to later dilatant strain-
ing. This “turn-around” is not evident from the total volume strain
and appears to be masked by the bulk modulus degradation. The
amount of degraded elastic volume strain is nearly as much as the
plastic volume strain (Fig. 6b). Both triaxial experiments require
nearly 0.002 of plastic volume strain units before the onset of elas-
tic moduli degradation. For the 50 MPa  and 70 MPa  experiments,
the amount of plastic shear strain are a factor of 3 and 10, respec-
tively, less than the accumulated degraded elastic shear strains. As
with Facies A, the shear strain is dominated by the degradation of
the shear modulus.
Additionally, we conducted an air-dry, ambient temperature,
drained UCS test on Facies B (diamond, Fig. 1b). The strength of the
Facies B ambient-condition UCS test was 6 MPa weaker than the
in-situ condition effective UCS peak strengths (Fig. 1b).
Fig. 7a,b,c (top row) shows photomicrographs from thin sec-
tions of an untested Facies B sample adjacent to the core plug used
A.J. Rinehart et al. / International Journal of Greenhouse Gas Control 53 (2016) 305–318 311
0
10
20
30
40
50
60
70
80
90 1400
0.00 0.01 0.0 2 0.0 3 0.04
Total strain
Creep  Strain
AE Coun ts
0
10
30
40
50
60
70
80
90
0.00 0.0 1 0.0 2 0.0 3 0.04
Total strain
Elas tic strain, no
degradation
Plastic strain
Creep  Strain
2
3
4
5
6
7
8
9
10
11
12
0 20 40 60 80 100
Mode l
Fina l
Unloa d
Loop 10
Loop 9
Loop 8
Loop 7
Loop 6
Loop 5
2000
2500
3000
3500
4000
4500
5000
5500
6000
0.00 0 0.002 0.004 0.006 0.008 0.010 0.01 2
Volume Strain (-)
Mean Effective Stress (MPa) Plastic Volume Strain (-)
Volume Strain (-)
)a
P
G( suludo
M klu
B tnegnaT
(a) (b)
(c) (d)
) a
P
M( ssert
S evit ceff
E nae
M
) a
P
M( ssert
S evit ceff
E nae
M
) a
P
M( r et e
mar a
P 
K
0
Elas tic strain
degradation
Volume Strain (-) Shear Strain (-)
I 1 
(M
P
a)
Total volume strain
Elastic volume strain
Creep volume strain
Plastic volume strain
Total shear strain
Elastic shear strain, 
no degradation
Elastic shear strain, 
with degradation
Plastic shear strain
180
160
140
120
100
80
60
40
20
0
25
20
15
10
5
0
70.0 80.050.0 60.030.0 40.010.0 20.00.00 520.0 030.0510.0 020.0500.0 010.00.000
(e) (f)
) a
P
M( ssert
S r aeh
S sesi
M
20
)-
( t
nu
o
C 
E
A 
ev
it
al
u
mu
C
1200
1000
800
600
400
200
0
Fig. 4. Partitioning of strain and workﬂow for determination of elastic model for Facies A hydrostatic compression test (a–d), and 70 MPa  triaxial test (e,f). (a) Mean effective
stress  (MPa) and cumulative AE count (grey line) vs. volume strain for total strain (black line) and creep volume strain (dotted line). (b) Mean effective stress (MPa) vs volume
strain  for total volume strain (light gray), elastic strain with no degradation (dark gray), degraded elastic volume strain (solid black), plastic volume strain (dashed) and creep
strain  (dotted). (c) Measured (symbol) and estimated (solid line) tangent bulk moduli. (d) K0 parameter as a function of plastic volume strain. For 70 MPa  test, (e) I1 vs volume
strain,  with total (thick solid black), elastic (solid gray), creep (dotted black), and plastic (thin black) volume strains; and (f) Mises shear stress vs. shear strain, with total (thin
black),  nondegraded elastic (solid gray), degraded elastic (thick black), and plastic (dashed black) shear strains.
Table 2
Summary of measured peak stresses, yield stresses at onset of plastic strain, and yield stress at onset of elastic modulus degradation.
Facies Test Type Depth (m)  Pc (MPa) I1 at Peak
(MPa)
(J2)1/2 at Peak
(MPa)
I1 at Plastic
Strain Onset
(MPa)
(J2)1/2 at Plastic
Strain Onset
(MPa)
I1 at Elastic
Mod. Degr.
(MPa)
(J2)1/2 at Elastic
Mod. Degr.
(MPa)
A Hydrostat 3092.54 90 na na 21.7 0 76 0
UCS  3094.01 0 18 8.2 8.7 3 16 6
Triaxial 3092.42 70 162.7 24.6 – – 78.1 100.1
B  Hydrostat 3089.19 90 na na – – 150 0
UCS  3088.95 0 56.3 24.4 13.5 3.6 29 8.54
Triaxial 3089.07 50 156.8 56.2 20.9 0 87.7 16.3
Triaxial 3082.88 70 212.5 53.4 20.9 0 135.8 9.1
C  Hydrostat 3083.16 90 na na 33 0 135 0
UCS  3083.25 0 73.7 38.2 23.5 9 26 10.7
Triaxial 3092.54 50 186.4 73.2 33 0 92.1 18.6
Triaxial 3094.01 70 247.2 73.8 33 0 130.4 6.2
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uig. 5. Images from Facies A thin sections of an (a) undamaged specimen at 4×, (b
ndamaged specimen at 20×,  and (e) the post-test hydrostatic specimen at 20×.
or the 70 MPa  sample (Fig. 7,a), and from the damaged post-test
0 MPa  specimen (Fig. 7b,c). The undamaged rock has a patchy
attern of quartz overgrowths (Fig. 7a), where mm-sized zones
ave almost no porosity and are made up almost entirely of quartz.
etween the patches, signiﬁcant secondary porosity exists that, in
laces, is ﬁlled with kaolinite. Opaque grains are predominantly
ithic, though some (less than 10%) oxide grains exist. Grains range
n size from 0.05 mm to 0.2 mm.  Two cross cutting relationships
re observed post-test (Fig. 7b,c). First, it appears that some of the
ithic grains are penetrated by quartz grains. This may be a pre-
eformation texture, but it was not observed in the pre-test thin
ection. The other pattern is that signiﬁcant intergranular fractur-
ng occurs. Where fractures encounter lithic grains, they follow
he boundary between grains, whether lithic-quartz or lithic–lithic
ontacts (Fig. 7c). In areas dominated by quartz, fractures gener-
lly cut through the grains and occur mostly away from signiﬁcant
uartz cementation (Fig. 7b,c). Both the penetration of lithic grains
nd the pattern of crack occurrence are seen to a lesser extent in
he samples from 50 MPa  and UCS tests.
.1.3. Carbonate- and quartz-cemented tabular to massive very
ne sandstone (Facies C)
Fig. 3e,f shows the axial stress (MPa) vs. axial and lateral strains
−), and mean effective stress vs. total volume strain (Fig. 3f) for
he UCS (red), 50 MPa  conﬁning pressure triaxial compression test
blue) and 70 MPa  conﬁning pressure triaxial compression test
green) for Facies C. Only the UCS test show strong dilatancy before
ailure (i.e. the volume strain turn-around seen by the red curve in
ig. 3f). The other tests appear to be largely compactive until failure.
The partitioning of strain in Facies C (Fig. 8) is more complex
han in Facies B (Fig. 6). In the UCS experiment, the plastic volume
train is in extension at failure though the degraded elastic volume
train partially masks this dilatancy (Fig. 8a). The degraded elastic
hear strain is a factor of three greater than the degraded plastic
hear strain (Fig. 8b). In the 50 MPa  experiment, all the strains are
onotonically compressive with increasing stress. The plastic vol-
me  strain is roughly twice that of the degraded elastic volume-test hydrostatic test specimen at 4×, (c) post-test 70 MPa  specimen at 4×, (d) an
strain at failure (Fig. 8c). The plastic shear strain and the degraded
elastic shear strain, however, are roughly comparable (Fig. 8d). In
the 70 MPa  experiment, the plastic volume strain is a factor of eight
less than the degraded elastic volume strain (Fig. 8e). Similar to
the 50 MPa  experiment (Fig. 8d), though, the plastic and degraded
elastic shear strains are similar in magnitude (Fig. 8f).
We conducted an air-dry, ambient temperature, drained UCS
test on Facies C (top diamond, Fig. 1b). The strength of the Facies
B ambient-condition UCS test was 16 MPa  weaker than the in-situ
condition effective UCS peak strengths (Fig. 1b).
Thin sections were made from an undamaged portion taken
adjacent to the plug used for the 70 MPa  sample (Fig. 7d,e) and from
all three of the tested samples. An image from the failed 70 MPa
specimen is shown in Fig. 7f. These samples were signiﬁcantly dif-
ferent than described in Lu et al. (2013) and Woolf (2012). Rather
than quartz overgrowths, these samples show long grain contacts
with small (less than 0.1 mm)  grains (Pettijohn et al., 1972). The
rock is mostly (greater than 70%) quartz, but oxide opaque grain
are common throughout. There are uncommon lithic grains as well.
The contacts between quartz grains commonly have thin carbonate
cements with uncommon quartz overgrowths.
Failure and localized dilatancy is achieved through grain crush-
ing in all three tests. We  did not observe evidence of penetration
of grains, or an appreciable decrease in porosity. Additionally, the
carbonate cements do not show signs of dissolution. We  suggest
that this is because of the limited exposed surface area of the cal-
cite cements. It largely forms as a narrow band between long grain
contacts, and has very little exposure to the pore ﬂuid. For all three
tests, grain shattering was  concentrated in zones with few oxide
grains (Fig. 7f). Larger fractures generally ended at or passed around
rather than through zones with large amounts of oxides.
4.2. Acoustic emissionsOf the sandstone tests described herein, only the Facies A hydro-
static crush test (Fig. 4a, red curve) and the Facies C 70 MPa  triaxial
compression test (Fig. 8e, red curve) had reliable AE measure-
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ises  shear stress (J21/2; MPa) vs. shear strain for (a,b) the UCS, (c,d) 50-MPa triaxi
solid  thick black), undegraded elastic strain (gray), elastic strain with degradation 
ent. This is primarily from unreliable coupling and electrical noise
laguing the tests. The pattern of AE accumulation is similar in both
ases. For small initial loading, there is a period of low accumula-
ion rates. This is followed by acceleration in AE accumulation that
egins at mean effective stress of 6 MPa  for the Facies A hydrostatic
est and mean effective stress of 12 MPa  for the Facies C 70 MPa  tri-
xial test during hydrostatic compression. The AE rate continues to
ncrease during additional loading for 10–20 MPa  for Facies A and
50 MPa  for Facies C. After this, AE accumulation drops back to the
ackground level until closer to failure. At ∼35 MPa  mean effective
tress, the AE rate for Facies A begins to increase. As the rate con-
inues to increase, the slopes of the unload loops begin to decrease,
orresponding the onset of the degradation of elastic moduli. This is
imilar to Facies C. Here, the rate begins to increase again at just lesslumn plotting effective I1 (MPa) vs. volume strain (−) and the right column plotting
pression test (c, d), and (e, f) the 70 MPa  triaxial compression test. The total strain
lack) and plastic strain (dashed) are plotted.
than 50 MPa  mean effective stress. To summarize, a sharp increase
in the AE accumulation rate coincides in time with the onset of elas-
tic moduli degradation, but levels off during periods of deformation
dominated by elastic strain associated with modulus degradation
(Rinehart, 2015), as also observed by Dewers et al. (2014).
4.3. Yield and failure envelopes
Observed peak stresses and observed initial yield stresses as
listed in Table 2 are used to derive failure and yield envelopes as per
the Kayenta constitutive model (Brannon et al., 2009) as was  done
by Dewers et al. (2014). Initial yielding occurs upon the onset of
appreciable plastic strain and can be discerned from the differences
in adjacent loading and unload-reload portions of stress-strain
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eig. 7. Images from thin sections from Facies B (top row) and Facies C (bottom row
ost-test 70 MPa  sample at 20× (boxed area in b). For Facies C, (d) undamaged samp
t  10×.
urves. A secondary yielding is seen wherein the development of
ppreciable degradation of elastic moduli is observed.
Fig. 9 shows calculated envelopes and measured stresses for
ield (black solid, solid circles), onset of elastic moduli degradation
gray, open circles), and failure (black dot-dashed, solid squares) for
acies A (Fig. 9a), B (Fig. 9b) and C (Fig. 9c). Because the material is
eterogeneous, we have ﬁtted the envelope to the data, rather than
imply interpolating between data points. The estimated range of
n situ stresses (calculated as per Kim and Hosseini, personal com-
unication, 2014) is also shown in red on all plots in Fig. 9. Note
hat the much weaker Facies A is plotted on smaller axis ranges
han Facies B and C.
Facies A is the weakest of the lithofacies by a factor of roughly
 compared to Facies B, and by a factor of roughly 3–4 compared
o Facies C (Fig. 9). The yield envelopes for Facies A, B and C show
 similar shape. The yield envelope, or the onset of plastic strain, is
istinctly separate from the envelope of moduli degradation for all
hree rock types. The onset of moduli degradation occurs at much
ower stress states for Facies A than for Facies B and C. Facies B and C
hare similar envelopes for the onset of elastic moduli degradation,
ith Facies C having a slighter smaller yield envelope than Facies B
Fig. 9b and c, Table 2). Facies C failure envelope, however, is larger
nd steeper than Facies B (Fig. 9c and b, Table 2).
. Discussion
The major results of geomechanical testing of three lithofa-
ies from the D-E member of the Lower Tuscaloosa Formation at
eservoir conditions are: (a) the role of introduced CO2 on the accel-
rating creep in Facies A, and initial yielding at low stresses seen
or all facies; (b) a difference between the onset of initial yield and
he onset of elastic moduli degradation, with the latter occurring
t stresses below in situ magnitudes for Facies A but at near in situ
tress for Facies B and C; and (c) the masking of plastic strain by
lastic moduli degradation.Facies B, (a) undamaged sample from at 4×. (b) undamaged sample at 10× and (c)
×, (e) undamaged sample at 10× (boxed area in d), and (f) post-test 70 MPa  sample
We  were surprised by the magnitude of creep (up to 0.005 vol-
ume  strain units) in Facies A tests. This amount of creep mostly
accumulated at low conﬁning pressures and a differential stress
of less than 0.5 MPa  (75 psi) after the introduction of scCO2-
equilibrated brine. We  hypothesize that the observed creep strain,
initial yielding, and failure occurring substantially below in situ
stresses may  all be due to the loss of crystal habit that appears
to be associated with acid conditions induced by the presence of
CO2 in pore solutions. This is strikingly evident by the accelerated
creep seen almost instantly after scCO2-equilibrated solutions were
introduced into pore spaces (Rinehart, 2015). It could also be asso-
ciated with interpenetration of quartz grains into adjacent lithic
grains, which we  hypothesize is also accelerated in the presence of
CO2 in the pore solution.
All three facies show two  yield envelopes. The ﬁrst occurs when
plastic strain begins accumulating and is far lower than in situ
stress magnitudes (Fig. 9). The second, larger envelope is deﬁned
by the onset of elastic moduli degradation and, in Facies B and C,
is close to the in situ stress state (Fig. 9). We  propose that the ﬁrst
envelope is caused by CO2-associated mechano-chemical effects as
discussed above, while the second envelope is tied to the initiation
of intra-granular grain fracturing or crushing with continued grain
rearrangement. Slip along grain contacts would allow plastic strain
to accumulate while keeping the overall stiffness of the rock con-
stant. Intra-granular fracturing of grains changes the contact area
and pore structure of the rock, thereby accelerating plastic strain
accumulation and mostly resulting in elastic moduli values.
The sequential weakening of grain contacts followed by grain
shattering is supported by a comparison of Facies A post-test spec-
imens from the hydrostatic compression (Fig. 5c,d) and 70 MPa
triaxial experiments (Fig. 5e,f). Both specimens show loss of poros-
ity and degradation of cementation. Grain crushing is rare in the
hydrostatic specimen, but common in the 70 MPa  sample.
The limited acoustic emissions data further supports this inter-
pretation. Micromechanically, damage begins between and within
grains as the material surpasses its previously experienced max-
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mum stress and begins to irreversibly deform (Holcomb, 1993;
avrov, 2003; Lehtonen et al., 2012). This is commonly called the
aiser effect (Holcomb, 1993; Li and Nordlund, 1993). Increases in
E count, however, are indications of increasing rates of microme-
hanical failure. The underlying assumption of the Kaiser effect is
hat the micromechanical properties of cement bonds and grain
ontacts reﬂect the maximum stress state the rock has been sub-
ected to and that those bonds have not signiﬁcantly changed since
chieving the historical maximum stress or maximum depth-of-
urial. In our tests, we ﬁnd the initiation of AE activity far below
n situ stresses at the initial yield, or onset of plastic strain. This indi-
ates that the strength of grain-to-grain contacts has decreased,
ossibly due to the changes in pore ﬂuid composition associated
ith CO2.
The unconﬁned compressive strength (peak stresses for the UCS
ests given in Table 2) are slightly larger than values derived from
he hardness testing (Fig. 1, second column) for Facies B and C,pression test (c, d), and (e, f) the 70 MPa  triaxial compression test. The total strain
 black) and plastic strain (dashed) are plotted. The cumulative AE (red) is plotted
but are slightly less for Facies A. This apparent lowering of UCS
for Facies A for the tested samples compared to hardness values is
consistent with the hypothesis that CO2 in pore solutions substan-
tially weakened Facies A relative to Facies B and C. Supporting this,
the Facies B and C ambient-condition UCS tests were considerably
stronger (6 MPa  and 16 MPa, respectively) than the in-situ condition
experiments. With that said, we  were unable to control for water
weakening or temperature softening due to limited sample preser-
vation and availability. Despite the lack of strong experimental
controls, our observations of time-dependent deformation, acous-
tic emission, strain partitioning, and secondary yielding (below)
support weakening from chemical interactions of chlorite cemen-
tation and scCO2.The observation of secondary yielding (associated with modu-
lus degradation) and failure envelope occurring substantially below
in situ stresses for Facies A relative to the other major D-E  member
facies has a number of implications. Facies A is the primary injection
316 A.J. Rinehart et al. / International Journal of Gre
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Fig. 9. Yield (black solid line), onset of elastic moduli degradation (solid grey) and
failure (broken line) envelopes in (J2)1/2 vs. effective I1 stress space for (a) Facies
A  (note compressed (J2)1/2 axis), (b) Facies B, and (c) Facies C. Red triangles show
a  range of in situ stresses, wherein the left-most triangle corresponds to best esti-
mates of in situ stress, and the right-hand triangle corresponds to stresses perturbed
by thermal effects of CO2 injection (Seyyed Hosseini and Seunghee Kim, personal
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iommunication, August 2014). Solid circles are the estimated measured yield stress
tates, hollow circles are measured stress state of onset of moduli degradation, and
quares are measured peak stresses.
orizon at the Cranﬁeld DAS and is likely to be a primary reser-
oir. During CO2 injection at the DAS, changes in permeability were
bserved through tracer studies (Lu et al., 2012b; Hosseini et al.,
013; Kim and Hosseini, 2014). These changes were not consistent
hroughout the Facies A primary injection horizon, and, instead,
aried spatially (Lu et al., 2012b). If the CO2-sensitivity of chlo-
ite cementation seen in our experiments plays a strong role in
he onset and rate of inelastic deformation of Facies A, then spatial
hanges in the degree of cementation would correspond to vary-
ng rates of deformation upon CO2 injection. If the in situ stress isenhouse Gas Control 53 (2016) 305–318
indeed above the chemically-perturbed failure surface for parts of
the injection horizon (Facies A), then parts of the reservoir may  have
‘self-fractured’, changing permeability by a chemically-mediated
lowering of the failure envelope. This poses the interesting idea
that the injection of CO2 and associated mechano-chemical effects
may  cause Facies A-localized dilatant fracture permeability, and,
it follows, a change in sweep efﬁciency and injectivity. These
mechano-chemical effects might also be in play during EOR oper-
ations at Cranﬁeld and similar ﬁelds. Alternatively, an enhanced
creep rate in for Facies A in the presence of CO2-bearing pore ﬂuids
as observed in our experiments could lead to decreases in Facies A
permeability. This could complicate injection operations both for
CO2 storage and EOR.
Lastly, chemically-mediated weakening and enhanced defor-
mation may  affect faults in CO2 storage reservoirs. Initially, these
reservoirs expand during injection, but the CO2 gradually diffuses
into the in-situ brine and the pore pressures of the reservoir will dis-
sipate to pre-injection levels. At this point, portions of the reservoir
that are reactive may  be weakened and may be unable to sus-
tain lithostatic loads. If the weakened portion of the rock occurs
in isolated volumes, as may be indicated by changing permeability
during injection and by studies of cementation distribution for the
Lower Tuscaloosa Formation, the surrounding, stronger rock may
be able to limit the deformation of the weakened pockets, though
shear stresses will increase in the stronger rock. If the weakened
rock forms an extensive layer, then strains will accumulate over
a wide area. In either case, the shear stresses along faults in the
reservoir will likely be increased, thereby increasing the likelihood
of fault reactivation.
6. Conclusions
To better understand geomechanical impacts of CO2 injection
during EOR and CO2 storage operations at Cranﬁeld, we  performed
a series of experiments at near reservoir conditions (pore pressure
of 30 MPa, temperature of 100 ◦C, CO2-equilibrated brine) on three
facies from the D-E member of the Lower Tuscaloosa Formation
at the Cranﬁeld DAS. We tested a chlorite-cemented conglomer-
atic facies (Facies A), a ﬁne-to-medium grained quartz-cemented
cross-laminated sandstone, and a very ﬁne grained, dominantly
carbonate-cemented tabular to structureless sandstone (Facies C).
Facies A is the primary injection horizon for operations in the Cran-
ﬁeld ﬁeld.
We  found that the reactivity of the cements plays a ﬁrst order
role in the strength, constitutive response and qualitative inelastic
behavior of the different facies tested:
• Creep strain rates are accelerated for facies with more chlorite
cements on exposure to brine-CO2 solutions.
• The strength of grain-to-grain contacts is weakened, causing the
initial yield of all facies to occur earlier than expected given esti-
mates of maximum depth of burial and in situ stresses.
• Elastic moduli degradation is associated with a secondary yield-
ing and increased acoustic emission rates indicative of grain
shattering at higher stresses than the observed initial yielding,
closer to in situ stresses for Facies B and C.
• We  hypothesize that a chemically-controlled lowering of Facies A
failure envelope associated with acidic conditions induced by CO2
in pore solutions could explain observed changes in permeability
and injectivity at the Cranﬁeld DAS.Acknowledgements
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ppendix. Nonlinear Elastic, Plastic, and Creep Strains
Here we outline a method to delineate total strains into elastic,
lastic, and viscous (or creep) portions. This enables the con-
truction of both a preliminary creep law for CO2-induced time
ependent strains for Facies A, and an elasto-plastic model tracking
he non-linear evolution of elastic strain with accumulating plastic
train, and stress. The elasto-plastic systematics follows procedures
iscussed by Dewers et al. (2014).
A-1) Creep Strains
“Creep” or viscous deformation is the stress- and time-
ependent strain that occurs during constant loading conditions.
est results show that only the chlorite-cemented Facies A results
ad resolvable creep strains. The other facies showed creep, but
he accumulated strain was not sufﬁciently determinable given
he hold periods, temperatures and mean stresses used. Details on
reep strain measurements are given by Rinehart (2015) and are not
etailed here. The observable creep strains were consistent with a
rittle creep mechanism linked to water-assisted chemically- and
hermally-activated sub-critical crack growth and healing (Ko and
emeny, 2011; Brantut et al., 2012, 2013). It is likely that such defor-
ation is promoted in the presence of certain acid ligands (Hajash
t al., 1998) and may  be promoted in the presence of CO2-bearing
olutions (see e.g. Le Guen et al., 2007; Hangx et al., 2010; Korsnes
t al., 2008).
A simple rate expression for this type of deformation that we
ave found to be a good approximation to Facies A creep strain
Rinehart, 2015) can be expressed in the form (Scholz, 1968;
ewers and Hajash, 1995; Brantut et al., 2013):
 − ε0 = C1 ln(1 + C2t) (A-1)
where ε is volume strain (−), ε0 is volume strain (−) at time zero,
 is time (s), and C1 (−)and C2 (1/s) are stress- and temperature-
ependent coefﬁcients where C2 carries an exponential  (effective
ean stress) dependence (Rinehart, 2015), similar to Dewers and
ajash (1995):
2 = z1ez2 (A-2)
‘C’ and ‘z” coefﬁcients determined for Facies A deformation are
ompiled in Rinehart (2015) and the resulting total creep strain
bserved during a hydrostatic compression test for Facies A as cal-
ulated by Rinehart (2015) is shown by the dotted curve in Fig. 4a
nd b.enhouse Gas Control 53 (2016) 305–318 317
(A-3) Elastic Strains
We next determine elastic strains from knowledge of how elas-
tic moduli change with changing stress and plastic strain conditions
(Dewers et al., 2014). Initial loading up to yield point, and unloading
curves for all load paths and for all lithofacies display a nonlin-
ear elastic behavior. With an assumption of isotropy, these can be
quantiﬁed by a stress-dependent bulk and shear modulus (K and G
respectively).
In this treatment, we follow Dewers et al. (2014) and assume an
elastic strain that follows from
ij = Cijklεekl (A-3)
which, with assumptions of isotropy and using the deﬁnitions in
Eqs. (2) and (3), becomes
εe = 
K
, e = 
G
(A-4)
Here and in following equations, a superscript “e” is used to refer
to elastic strains in order to differentiate from plastic strains, using
the superscript ‘p’. For nonlinear elasticity, the moduli in (A-4) are
termed “secant” moduli, distinguished from local slopes of stress-
strain curves, which are termed “tangent” moduli. These would
be found from incremental theory as (the subscript ‘tan’ refers to
tangent moduli; moduli with no subscripts refer to secant moduli):
d = Ktandεe
and
d = Gtande. (A-5)
Fig. 4c shows an example of the estimate tangent moduli com-
pared to the measured tangent moduli for the Facies A hydrostatic
test.
From an assessment of experimental behavior, following
Dewers et al. (2014), we have made the following parameterization
in which K and G depend on mean stress.
Simple mathematical forms we found to ﬁt complete unloading
curves and unload-reload loops to an excellent degree (Rinehart,
2015) are
K = K0 (1 + K1) (A-6a)
G = G0 (1 + G1) (A-6b)
with coefﬁcients K0 (MPa), K1 (MPa−1), G0 (MPa), and G1 (MPa−1)
determined by curve ﬁtting of unload loops. After the onset of plas-
tic strain (yielding), elastic moduli K and G are found to decrease as a
function of plastic strain (e.g., Fig. 4d) which is evident in lessening
slopes of unloading loops.
(A-7a) Elastic moduli degradation
The degradation of both the bulk modulus and shear modulus
can be quantiﬁed via plastic shear strain for all tests, except for
the hydrostatic Facies A test where presumably plastic shear strain
is zero. Based on results from Dewers et al. (2014), we posit the
functional form
K = K ′0
(
1 − K2 exp
(
−K3
p
))
(1 + K1) (A-7a)
G = G′0(1 − G2 exp(−
G3
p
))(1 + G1) (A-7b)
where  is the effective mean stress, and K2 (−), K3 (−), G2 (−), and
G3 (−) are parameters ﬁtted against the results of the preliminary K
and G found with Eqs. (A-6a) and (A-6b) plotted against the plastic
shear strain, p. The values of K0 ′ (MPa) and G0 ′ (MPa) are adapted
slightly from K0 and G0 in Eq. (A-6) determined above. For all tests,
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e found assuming K1 = G1 provided excellent results (Rinehart,
015).
For the Facies A hydrostatic test with no signiﬁcant shear strain
ccumulation, we chose to model the moduli degradation with
lastic volume strain via
 = K0
(
1 − K2 exp
(
−K3
εp
))
(1 + K1) (A-8)
with εp being the plastic volume strain, and Ki similar to those
n Eq. (A-7).
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